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Residual trapping is one of the four trapping mechanisms that have been identified for geological CO2 storage, a means to reduce atmospheric 
emissions and the related impacts as a result of continued use of fossil fuels. The objective of this research is to design a single-well injection-
withdrawal test to estimate residual CO2 trapping (Sgr) in brine aquifers. Due to the high cost associated with drilling to depths of potential CO2
storage site, single-well test can cost-effectively provide data sets to assess reservoir properties and reduce uncertainties in the appraisal phase for 
finding commercial scale storage sites.  The main challenges in the design are the following: (1) It is difficult to quantify the amount that is 
trapped using a mass balance approach; (2) correlations among various parameters leads to a highly uncertain or non-unique Sgr estimate; and (3) 
the Sgr estimate could be biased due to heterogeneity of the geological medium. We have proposed our design to address each of these challenges 
by (1) use a detailed reservoir model to simulate the relevant physical processes in the tests; (2) perform a test sequence that yields multiple types 
of complementary data to constrain the estimate of Sgr; (3) remove or reduce the bias caused by the heterogeneity of the storage formation by 
repeating the same test under different saturation conditions. The design will be applied to a practical field test that will be carried out as part of 
the CO2CRC Otway Project, at Victoria Australia.
1. Introduction
One of the trapping mechanisms identified for geological CO2 storage is residual trapping.  A parameter referred 
to as residual gas saturation (Sgr) is used to characterize the tendency of a geologic formation to trap some of the 
non-wetting phase in its pore space. The objective of this research is to design a single-well injection-withdrawal 
test to estimate residual CO2 trapping (Sgr) in brine aquifers.
The main challenges in the design are the following: (1) It is difficult to quantify the amount of CO2 that has 
dissolved into brine or migrated away from the borehole, and therefore to quantify the amount that is trapped using a 
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mass balance approach; (2) correlations among various parameters leads to a highly uncertain or non-unique Sgr
estimate; and (3) the Sgr estimate could be biased due to unaccounted heterogeneity of the geological medium.
Our proposed test sequence is designed to address the above challenges. We will demonstrate how our approach 
arrives at a relatively reliable estimate of Sgr through a synthetic example.
2. Design Approach
To address the above mentioned challenges, we propose to (1) use a detailed reservoir model to simulate the 
relevant physical processes in the tests; (2) perform a test sequence that yields multiple types of complementary data 
to constrain the estimate of Sgr; (3) remove or reduce the bias caused by the heterogeneity of the storage formation 
by repeating the same test for a system with single-phase liquid saturation (referred to as reference tests) and a 
system with a residual CO2 saturation (referred to as characterization tests).
Three tests are included in our design: (1) A hydraulic test, in which fluid is injected or withdrawn and the 
corresponding pressure signals are recorded.  These pressure data are sensitive to residual gas saturation because 
pressure change depends on relative permeability, which depends on residual gas saturation; (2) a thermal test, in 
which the borehole is heated and temperature data are recorded. Temperature data are sensitive to residual gas 
saturation because CO2 and water have different thermal diffusivities, temperature change during thermal 
perturbation depends on thermal diffusivity, which depends on fluid composition, how much gas is in the system; 
and (3) a partitioning tracer test, in which tracer is injected, pushed away and then back produced and the tracer 
breakthrough curve is recorded. Tracer breakthrough curve is sensitive to residual gas saturation because the amount 
of tracer that is partitioned into the gas becomes immobile and will not be produced back.
Figure 1, proposed design sequence.
Figure 1 shows the proposed design sequence, which contains three stages. Stage 1 – reference tests and Stage 3 
– characterization tests, each of them contains a thermal, hydraulic and tracer tests. In between, the Stage 2 is to 
create a system with residual gas saturation: this is done by injecting CO2 and further pushing away by water 
injection.
3. Design Calculation
Y. Zhang et al. / Energy Procedia 4 (2011) 5044–5049 5045
Yingqi Zhang et al./ Energy Procedia 00 (2010) 000–000 3
A design calculation is performed to investigate how various uncertainties affect the estimate of Sgr and how the 
joint use of different types of data and tests can help constrain the final estimate. A 3D heterogeneous model is used 
for this purpose.  The forward simulations (both both design calculation and the Otway project) are conducted using 
the EOS7C module of TOUGH2 [Pruess, et al., 1999], a numerical simulator for non-isothermal multiphase, 
multicomponent flows in porous media. EOS7C [Oldenburg, et al., 2004] was developed to model gas mixtures of 
methane and a non-condensible gas (in our case: CO2), with one tracer present. This EOS module is incorporated in
the iTOUGH2 [Finsterle, 2004], which is used for inverse analysis.
Two types of uncertainty are considered: parametric uncertainty and uncertainty from geological heterogeneity. 
In general we can show that the joint interpretation of the combined hydraulic, thermal, and tracer tests provides a 
reasonable design basis for which to assess the efficacy of residual trapping. Accounting for geological uncertainty 
in the estimation of Sgr has been demonstrated to be essential to providing a realistic assessment of potential 
estimation errors, and can be accomplished by performing stochastic inversions [Zhang et al., 2010].
4. Application of the Proposed Design to the Otway Injection Project
Recognizing the importance of saline aquifers for CO2 storage, the CO2CRC Otway Project proposed to conduct 
a single-well test aimed at better understanding residual trapping mechanisms and the related formation parameters. 
A pre-determined volume of CO2-rich gas (80% CO2 and 20% CH4 by volume; or 90% CO2 and 10% CH4 by mass) 
will be injected at a supercritical state into the Paaratte Formation. The composition of the injection gas stream is the 
result of the availability of naturally sourced gases from the nearby Buttress-1 well. The proposed injection 
formation is a sandy horizon in the Parratte Formation, at a depth of 1435 m (subsurface). There are two lithofacies 
in this zone: sand (59%) and shale (41%). For the numerical design calculations, the formation is considered 
heterogeneous and anisotropic, with porosity and permeability correlated to the facies type and conditioned on 
property values measured down-hole. The average horizontal and vertical sand permeabilities are 1 darcy and 0.01 
darcy, respectively; the average porosity is 0.28. All the shale layers are considered to have 1 milli-darcy 
permeability.
4.1. Model Description
The injection zone was modeled as a 2D radial system, extending 1000 m in the lateral direction and 26 m in 
depth. A heterogeneous permeability fi eld is created using an indicator-based algorithm from the geostatistical 
software library GSLIB in iTOUGH2 [Finsterle, 2004]. The permeability field is generated using a variogram based 
on data measured at a nearby borehole, and conditioned on the lithologic data and permeability data from the well 
logs. The correlation length used in the variogram for sand and shale is 400 m and 300 m, with an anisotropy ratio of 
0.0125 and 0.006, respectively. In the well data analysis, the bin size used for “bed thickness” of each lithofacies is 
1 m; therefore, the maximum vertical discretization in the model is 1 m. The residual liquid saturation used in the 
simulation is 0.16. The well is perforated between -7 and -12 m. Vertical discretization of the model is 0.5 m for the 
upper 14 m and 1 m for the lower 12 m. 
In the simulations the injected gas mixture is similar to the CO2 and CH4 ratio in the naturally sourced gas at 
Otway from the Buttress-1 well and ignores the higher hydrocarbons which are a small fraction of the gas stream. 
Supercritical CO2 is injected at a rate of 1.57 kg s
-1 for 2 days, with CH4 co-injected at a rate of 0.16 kg s
-1. Water 
injection rates during hydraulic and tracer testing as well as during the Stage 2 CO2 displacement phase is 1.74 kg s
-
1; fluid is produced at a rate of 0.4 kg s-1. During thermal testing, the borehole is heated with an intensity of 40 W m-
1. Krypton (84Kr) and Xenon (132Xe) are used as inert tracers that partition between the liquid and CO2-rich phases. 
These parameters were chosen as being operationally feasible using equipment available for the planned test.
4.2. Results
We first look at the system behavior throughout the model domain before we discuss each type of observation 
data. Figure 2 shows the gas saturation for a system with Sgr=0.2 at 15 days (immediately after CO2 injection) and 
25 days (immediately after water injection). At day 15, the system reaches the highest CO2 saturation. Some of the 
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injected gas moves upward from the injection area due to buoyancy effects. At day 25, CO2 has moved further away, 
and the CO2 plume approached the residual saturation of 20%.
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Figure 2. Gas saturation at (a) 15 days and (b) 25 days for a system with Sgr=0.2 
The proposed test sequence was simulated assuming residual gas saturations of Sgr=0.1, Sgr=0.2, and Sgr=0.35. 
Pressure, temperature, and tracer concentrations at the wellbore are recorded and plotted in Figures 3 through 5.   
Pressure responses
Figure 3 shows the wellbore pressure as a function of time as calculated for the three residual saturation values. 
Pressures increase four times during the test sequence in response to (1) water injection into the fully water-
saturated system (I1–I4); (2) CO2 injection into the fully water-saturated system (drainage); (3) water injection to 
displace the CO2 (imbibition), leaving behind a CO2 plume near residual saturation; and (4) water injection into the 
residual CO2 plume (imbibition). Pressures decrease twice (D1 and D2), i.e., during (1) water production in Stage 1; 
and (2) production of water and CO2 during Stage 3 hydraulic and tracer testing. The pressure difference between 
the first and second pressure increases (I1 and I2) is due to the mobility and density contrasts between water and 
supercritical CO2. The third and forth pressure increases (I3 and I4) are sensitive to residual gas saturation because 
the pressure buildups of these water injection tests are determined by the mobility of the wetting phase near residual 
gas saturation. They contain valuable information to infer Sgr. The difference in pressures between the first 
production and second production can also be used to infer Sgr, because the pressure decrease in the second test is 
determined by liquid mobility at Sgr.
Temperature responses
Figure 4 shows the temperature responses at the wellbore. The three temperature increases correspond to the 
three heating periods. The last thermal test, conducted with trapped CO2 near the wellbore, shows some sensitivity 
to the residual gas saturation. The first temperature increase contains information on the wet heat conductivity; the 
second (when CO2 is at its maximum saturation) contains information on the dry heat conductivity; together, they 
can be combined with the third temperature increase to infer Sgr. 
Tracer breakthrough curves
Tracer breakthrough curves are plotted in Figure 5. Two noble gases are used as tracers in our simulations: 
Krypton (84Kr) and Xenon (132Xe). The Henry’s coefficients are 3.86!109 Pa for Kr and 2.63!109 Pa for Xe at 65˚C. 
By combining the information from two comparisons: (1) comparison of the BTC from the fully water saturated 
system and the BTC from the residual gas field; and (2) arrival time and tail differences between two different tracer 
BTCs from the residual gas field, the residual gas saturation can be inferred.
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Figure 3.  Pressure responses at the wellbore. Figure 4. Temperature responses at the wellbore.
Figure 5.  Tracer breakthrough curves for two tracers.
5. Conclusion
In this paper, we present a design approach using to estimate effective residual CO2 saturation from single-well 
tests. Developing a robust single-well testing methodology is attractive because it obviates the need for drilling 
multiple wells at the great depths required for geological CO2 storage. Our design approach aims at addressing the 
challenges for estimating Sgr using single-well tests. We propose to (1) conduct a process-based data analysis for 
accurately representing the multiphase-flow process of the design sequence and determining the information content 
of observational data and the estimation uncertainty of the parameters of interest; (2) jointly invert Sgr using multiple 
types for reducing the correlations among various parameters; and (3) conduct reference tests under single-phase 
conditions for reducing the potential bias caused by formation heterogeneity.
Our designed test sequence will be carried out as part of the CO2CRC Otway Project. While the multiple phases 
of the test are operationally complex, the ability to use a single-well test for accurate appraisal of residual trapping 
mechanisms can provide considerable overall savings over methods that require multiple boreholes to meet the same 
objective.
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